Objective-Human and mouse megakaryocytes lacking NBEAL2 (neurobeachin-like 2) produce platelets where α-granules lack protein cargo. This cargo is mostly megakaryocyte-synthesized, but some proteins, including FGN (fibrinogen), are endocytosed. In this study, we examined the trafficking of both types of cargo within primary megakaryocytes cultured from normal and NBEAL2-null mice, to determine the role of NBEAL2 in α-granule maturation. We also examined the interaction of NBEAL2 with the granule-associated protein P-selectin in human megakaryocytes and platelets. Approach and Results-Fluorescence microscopy was used to compare uptake of labeled FGN by normal and NBEAL2-null mouse megakaryocytes, which was similar in both. NBEAL2-null cells, however, showed decreased FGN retention, and studies with biotinylated protein showed rapid loss rather than increased degradation. Intracellular tracking via fluorescence microscopy revealed that in normal megakaryocytes, endocytosed FGN sequentially associated with compartments expressing RAB5 (Ras-related protein in brain 5), RAB7 (Ras-related protein in brain 7), and P-selectin, where it was retained. A similar initial pattern was observed in NBEAL2-null megakaryocytes, but then FGN passed from the P-selectin compartment to RAB11 (Ras-related protein in brain 11)-associated endosomes before release. Megakaryocyte-synthesized VWF (Von Willebrand factor) was observed to follow the same route out of NBEAL2-null cells. Immunofluorescence microscopy revealed intracellular colocalization of NBEAL2 with P-selectin in human megakaryocytes, proplatelets, and platelets. Native NBEAL2 and P-selectin were coimmunoprecipitated from platelets and megakaryocytes. Conclusions-NBEAL2 is not required for FGN uptake by megakaryocytes. NBEAL2 is required for the retention of both endocytosed and megakaryocyte-synthesized proteins by maturing α-granules, and possibly by platelet-borne granules. This function may involve interaction of NBEAL2 with P-selectin. Visual Overview-An online visual overview is available for this article. 
P latelets coordinate blood coagulation at sites of vascular injury, where they adhere, aggregate, and facilitate fibrin generation to prevent blood loss. 1, 2 Platelets also contribute to inflammatory/ immune responses, [3] [4] [5] [6] wound healing and tissue regeneration, 7 and they are intimately involved in thrombus formation, 8, 9 atherogenesis, 10, 11 and cancer progression. 12 The roles of platelets in health and disease are linked to their ability to transport and secrete a wide variety of bioactive molecules. These include proteins carried in lysosome-related organelles known as α-granules, 13 which like platelets originate with megakaryocytes resident in the bone marrow. Each megakaryocyte produces hundreds of platelets via a complex developmental process [14] [15] [16] where many aspects are poorly understood, including the generation of α-granules loaded with protein cargo that is megakaryocyte-synthesized (eg, VWF [Von Willebrand factor]) and endocytosed (eg, FGN [fibrinogen]). 17, 18 
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Studies by us and others of inherited platelet disorders have revealed 3 proteins specifically involved in α-granule development. VPS33B and VPS16B (homolog of yeast vacuolar protein sorting 33 and 16, respectively) 19-21 form a complex involved in early α-granule precursor formation, most likely via the trans-Golgi network late endosome/multivesicular body (MVB) trafficking pathway. 21 NBEAL2 (neurobeachin-like 2) is involved in a later stage of α-granule development because NBEAL2-null humans (patients with gray platelet syndrome [GPS]) 19, [22] [23] [24] [25] [26] and mice have platelets that lack mature α-granules and their cargo but do contain structures containing granule-specific P-selectin that likely represent empty granules. In studies of NBEAL2-null mouse megakaryocytes, we observed abnormal trafficking of VWF to the cell surface, 27 indicating that NBEAL2 facilitates the trafficking and retention of α-granule cargo.
The presence of both megakaryocyte-synthesized and endocytosed cargo proteins in α-granules indicates that their development involves extensive intracellular protein trafficking. As has been shown in other cells, this trafficking presumably involves transport vesicles having distinct RAB (Ras-related protein in brain) GTPases (guanosine triphosphate hydrolases) that recruit effector proteins to vesicle membranes. 28, 29 For example, endocytosed cargo is typically first found in RAB5-associated early endosomes, and then it moves to RAB7-associated late endosomes/ MVBs and LAMP1 (lysosomal-associated membrane protein 1) containing lysosomes or exosomes, [29] [30] [31] whereas RAB4 mediates fast recycling from early endosomes and RAB11 mediates slow recycling through recycling endosomes. 29, 32 FGN is endocytosed by megakaryocytes in an integrin αIIbβ3-dependent manner, 33, 34 and immunoelectron microscopy studies have reported that endocytosed FGN is transferred to intermediate stage MVB/late endosomes before trafficking to vesicles containing P-selectin that represent α-granules and their precursors. 35 Many details concerning megakaryocyte endocytosis are lacking, and there are similar gaps in our understanding of how megakaryocyte-synthesized proteins are trafficked to α-granules and how their release is specifically triggered by platelet activation. Studies of cell models have yielded some insights; for example, it has recently been reported that disruption of disabled-2 prevents clathrin-dependent endocytosis of FGN by megakaryocytic K562 cells. 36 Studies of NBEAL2 function in model systems have also yielded important observations. Most recently, Mayer et al 37 used expression of an NBEAL2 subdomain in human embryonic kidney cells to identify several potential NBEAL2 interaction partners and confirmed intracellular proximity of NBEAL2 with cytoplasmic DOCK7 and endoplasmic reticulum (ER)-associated VAC14 in human megakaryocytes. The relevance of these potential interactions to α-granule development remains to be determined, and this study reinforces the point that the surest route toward understanding the cellular roles of NBEAL2 is to examine the effects of native protein within primary megakaryocytes.
In this study, we sought to extend our examination of the role in α-granule development of NBEAL2 by assessing its influence on the intracellular trafficking and retention of both endocytosed and megakaryocyte-synthesized protein cargo. Using fluorescently labeled FGN and high-resolution confocal fluorescence microscopy, we observed similar FGN uptake in wild-type (WT) and NBEAL2-null megakaryocytes but markedly decreased FGN retention in the latter because of rapid rerelease. When we tracked labeled FGN within WT megakaryocytes, we observed the sequential association of FGN with subcellular compartments containing RAB5, RAB7, and P-selectin, where endocytosed FGN remained. A similar initial pattern was observed for labeled FGN taken up by NBEAL2-null megakaryocytes, but here the association with P-selectin was brief and endocytosed FGN was seen to pass on to a RAB11-containing compartment before being lost from the cells. We observed a similar association of VWF with RAB11 in NBEAL2-null megakaryocytes, indicating that megakaryocyte-synthesized cargo is likely lost by a similar route. In human megakaryocytes and platelets, we observed strong intracellular colocalization of NBEAL2 with P-selectin, and coimmunoprecipitation of these proteins from cell lysates indicated a molecular interaction. We conclude that NBEAL2 is required for the retention of cargo proteins during α-granule formation and possibly within platelets and that this function may involve interactions between NBEAL2 and P-selectin.
Materials and Methods
This study was performed according to the guidelines of the Research Ethics Board at The Hospital for Sick Children and informed consent was provided according to the Declaration of Helsinki. All animal studies were approved by The Centre for Phenogenomics. The materials that were used for this study are available from the corresponding author upon reasonable request. All supporting data are available within the article.
Animals

Nbeal2
−/− mice were obtained as described previously, 27 for details see the Major Resources Table in the online-only Data Supplement.
Mouse Bone Marrow Culture and FGN Incubation
Mouse marrow culture was done as previously described. 27 Briefly, bone marrow cells were extracted by flushing mouse tibia and femurs with PBS. Cells from mice of different ages and sex were combined and incubated in IMDM (Gibco) containing 10% BIT 9500 (Stemcell), 50 ng/mL recombinant human thrombopoietin (gift from Kirin Brewery Company) and 1% penicillin-streptomycin (Wisent) for 3 days, and megakaryocytes purified on a 3%/1.5% BSA gradient. These megakaryocytes were either grown on Matrigel-coated coverslips and fixed, or kept in suspension culture for incubation with 0.1 mg/mL of FGN conjugated with Alexa Fluor 488 or 555 (Thermo Fisher). Incubation conditions for various experiments are described in the Figures and Results. After incubation cells were washed and centrifuged onto poly-lysine coated coverslips (200 g, 10 minutes). For FGN tracking experiments, day 5 megakaryocytes were incubated with 0.3 mg/mL of FGN-Alexa Fluor 488 for 30 minutes, then washed, seeded onto Matrigel-coated coverslips and fixed at various time points (cells were spun onto coverslips for the t=0 time point). All cells used for immunostaining were fixed with 4% paraformaldehyde (PFA; Electron Microscopy Sciences) in PBS.
Human Megakaryocyte Culture
Human megakaryocytes were cultured as previously described. 38 Briefly, CD34+ cells were affinity purified from bone marrow using CD34 Microbeads (Miltenyi Biotec) and cultured in IMDM (Gibco) containing 10% BIT 9500 (Stemcell), 50 ng/mL recombinant human thrombopoietin, and 1% penicillin-streptomycin (Wisent). On day 8 of culture cells were seeded onto Matrigel-coated coverslips and fixed on day 12.
Immunofluorescence Microscopy and Colocalization Analysis
Preparation and immunostaining of human platelets, 39 and human 38 and mouse megakaryocytes 27,40 were done as previously described. In most experiments, the Manders overlap coefficients were used to 
Biotinylated FGN Uptake
Human FGN (Haematologic Technologies) was biotinylated using EZ-Link Sulfo-NHS-Biotin (Thermo Fisher) according to the manufacturer's instructions. To detect FGN secretion, day 3 purified megakaryocytes (above) were incubated with 0.1 mg/mL biotinylated FGN (bio-FGN) for 24 hours; cells were then washed, filtered (100 µm mesh), and put into fresh media, from which samples were collected at various time points and concentrated using centrifuge filters (Amicon) before SDS-PAGE immunoblot analysis. Parallel cell samples were also lysed and analyzed. In FGN degradation experiments, megakaryocytes purified on day 4 were incubated with 0.1 mg/mL of bio-FGN for 24 hours; some cells were treated with chloroquine (50 µmol/L) for 2 hours before incubation. Cells were then washed, filtered, lysed, and lysates analyzed via immunoblot.
Immunoblot Analysis of Protein Content
Platelet lysates were prepared as previously described. 27 Megakaryocytes were lysed in cold PBS supplemented with 1% Triton X-100 and 2X Protease Inhibitor Cocktail (Roche). Unreduced and reduced samples were run on 10% SDS-PAGE gels, blotted onto nitrocellulose, and probed with primary antibodies summarized in the Major Resources Table in 
Immunoprecipitation
NBEAL2 and P-selectin were immunoprecipitated from platelet and megakaryocyte lysates. Briefly, lysates were first incubated with 1-µg NBEAL2 or P-selectin antibody for 1 to 2 hours, protein G agarose beads were then added to the lysates for 1 hour to capture the antibody complexes. The antibody complexes were eluted using SDS-PAGE loading buffer and the immunoprecipitants were analyzed via immunoblot.
Flow Cytometry Analysis
Endocytosed FGN was assessed by incubating day 4 mouse bone marrow culture cells with 0.1 mg/mL of Alexa Fluor 488 FGN conjugate overnight, or on day 5 for 1 hour. The cells were then washed and labeled with rat anti-mouse CD41-PE (eBiosciences, 12041181, 1.25 µg/mL), filtered (100 µm mesh) to remove clumps, and analyzed via flow cytometer (BD LSRII) after the addition of DAPI and 0.1% trypan blue to quench surface-bound Alexa Fluor 488 FGN, as previously described. 42 
Immunoelectron Microscopy
Immunoelectron microscopy was done as previously described 27 (details are available in the online-only Data Supplement).
Antibodies
Major Resources Table in the online-only Data Supplement for details.
Statistical Analysis
Results are shown as means±SD. Normality and equality of variance were verified using the Shapiro-Wilk and Levene test, respectively (P>0.05). For samples that met parametric test criteria, statistical analysis was performed using 1-way ANOVA with Tukey post hoc test. For samples that did not pass normality and homogeneity of variance tests, statistical analysis was performed using Mann-Whitney U test or Kruskal-Wallis test with Dunn post hoc test. Tests used are indicated in figure legends and text; P<0.05 was considered statistically significant. Analyses were performed using IBM SSPS statistics software version 25.
Results
Endocytosis of FGN by Cultured Megakaryocytes
We previously reported that compared with WT, platelets from Nbeal2 −/− mice have significantly reduced levels of FGN, VWF, TSP1 (thrombospondin 1), and P-selectin. 27 Immunoblot analysis confirmed these observations for platelets and megakaryocytes from the animals used in this study, and also showed the expected absence of NBEAL2 expression in Nbeal2 −/− mouse cells and platelets from a GPS patient, consistent with other observations 43 ( Figure I in the online-only Data Supplement; we did not have access to anti-NBEAL2 antibody in the original mouse study). We used immunofluorescence microscopy to confirm our previous observation that VWF is abnormally externalized by 
FGN Degradation and Retention
The possibility that endocytosed FGN is differentially degraded by WT and Nbeal2 −/− megakaryocytes was examined by incubating purified megakaryocytes with bio-FGN for 24 hours and then measuring bio-FGN in cell lysates via protein blotting followed by probing with HRP-conjugated streptavidin.
The results (Figure 2A ) confirmed reduced accumulation of endocytosed FGN by Nbeal2 −/− megakaryocytes and showed no indication of FGN degradation in megakaryocyte lysates. A protease-treated sample was used as a positive protein degradation control (lane 2, Figure 2A ). Treatment with chloroquine, which inhibits lysosomal protein degradation, 44 had no effect (lanes 5 and 6 of Figure 2A and Figure 2B ). Thus, the reduced accumulation of endocytosed FGN observed in NBEAL2-null megakaryocytes cannot be attributed to proteolytic degradation, which is consistent with the reported absence of secondary lysosomes in megakaryocytes. 45 The possibility that FGN is differentially retained by WT and Nbeal2 −/− megakaryocytes was examined by incubating cells with bio-FGN for 24 hours, transferring them to fresh media lacking FGN, and collecting media samples at 0, 4, 8, and 24-hour time points for concentration and protein content analysis. The results ( Figure 2C ) indicate more rapid release of FGN from Nbeal2 −/− megakaryocytes relative to WT cells (the medium supplement transferrin was used as a sample loading control; Figure 2C , bottom). Densitometric analysis confirmed that release of bio-FGN from WT and Nbeal2 −/− megakaryocytes was significantly different ( Figure 2D ). This difference was not because of increased cell death or lysis, because probing of cell releasates for GAPDH was negative (not shown). Probing of cell lysates derived from megakaryocytes at the initial and final time points (0 and 24 hours; Figure 2E ) confirmed greater loss of bio-FGN from Nbeal2 −/− megakaryocytes. A similar differential pattern of release over a 3-day period was observed for megakaryocyte-synthesized TSP1 (Figure VI in the online-only Data Supplement). Taken together, these results suggest that NBEAL2 is not involved in FGN endocytosis by megakaryocytes, rather it seems to be required for the retention of both endocytosed and megakaryocyte-synthesized α-granule cargo proteins. 
Intracellular Trafficking of FGN in WT and Nbeal2 −/− Megakaryocytes
The role of NBEAL2 in the intracellular trafficking of endocytosed FGN by megakaryocytes was examined by monitoring the passage of labeled protein through vesicular compartments using fluorescence microscopy. Because previous studies indicated that megakaryocytes use a classic endocytic pathway to traffic FGN to α-granules, we initially focused on endosomes associated with this pathway, identified via the markers RAB5 (early endosomes), RAB7 (late endosomes/MVBs), and P-selectin (nascent/mature α-granules). VWF was used to detect cargo-loaded granules. The possibility that FGN trafficking is grossly abnormal in the absence of NBEAL2 made it necessary to also examine the potential involvement of other compartments in Nbeal2 −/− megakaryocytes, including endosomes associated with rapid recycling (RAB4 associated), slow recycling and exocytosis (RAB11 associated). [46] [47] [48] We also examined the possible involvement of trafficking and secretion via the recycling transferrin receptor, exosomes from MVBs involving RAB27A and RAB27B, 49 the VAMP2 (vesicle-associated membrane protein 2)-associated compartment involved in regulated exocytosis in granulocytes, 50, 51 and lysosomes (LAMP1).
An initial analysis of colocalization of endocytosed FGN with endosomal/vesicular markers was done for day 4 megakaryocytes incubated for 24 hours with labeled FGN. The images shown in Figure VIIA To more precisely assess the intracellular trafficking of FGN in megakaryocytes, we incubated cells with fluorescently labeled FGN for 30 minutes, after which they were transferred to semisolid Matrigel culture on coverslips. Samples were fixed after a further 1, 2, 4, 6, or 8 hours, and then samples from all time points were stained for one of RAB4, RAB5, RAB7, RAB11, P-selectin, or LAMP1. The association of endocytosed FGN with these markers was assessed via confocal fluorescence microscopy. Representative stained images for RAB5, RAB7, P-selectin, and RAB11 are shown in Figure 3A through 3D. To quantify the colocalization of FGN with these vesicle markers, we used the Manders overlap coefficient ( Figure 3E ). The results of this analysis indicate that in both WT and Nbeal2 −/− megakaryocytes, FGN first associated (0 hour) with RAB5-associated early endosomes, and within 1 hour there was visible association of FGN with RAB7-associated endosomes ( Figure 3E ). In WT megakaryocytes there was a steady increase from 2 hours onwards in the association of FGN with P-selectin. In contrast, FGN in Nbeal2 −/− cells showed a peak association with P-selectin at 2 hours that rapidly declined as association of FGN with RAB11 positive endosomes increased, peaking at 6 hours. After 8 hours, most of the FGN endocytosed by WT megakaryocytes was associated with P-selectin, whereas the low amount retained by Nbeal2 −/− megakaryocytes showed little association with vesicular markers. Thus, WT megakaryocytes appeared to direct endocytosed FGN to α-granules and their precursors for retention. Nbeal2 −/− megakaryocytes initially trafficked endocytosed FGN through the same pathway, but then most of it passed to RAB11-associated recycling endosomes and was subsequently released.
This conclusion was supported by the results of experiments where purified day 3 megakaryocytes were sequentially incubated for 24 hours each with green or red fluorescentlytagged FGN. Imaging ( Figure VIII in the online-only Data Supplement) showed convergence of both forms of labeled FGN and their association with P-selectin in WT megakaryocytes, but these associations were much weaker in Nbeal2 −/− megakaryocytes. Taken together, these results indicate that NBEAL2 is required for P-selectin associated vesicles to acquire and retain FGN and other granule cargo proteins.
VWF Loss by Nbeal2 −/− Megakaryocytes Also Involves RAB11-Associated Endosomes
The results obtained for endocytosed FGN led us to examine the possibility that the abnormal trafficking of VWF observed in Nbeal2 −/− megakaryocytes 27 may also involve the RAB11-associated recycling endosomal compartment. Examination of mature megakaryocytes stained for RAB11 and VWF ( Figure 4A and 4B) showed extensive colocalization in Nbeal2 −/− cells, but not in WT megakaryocytes. A similar association was observed in purified megakaryocytes incubated with fluorescent FGN for 24 hours, then placed onto poly l-lysine-coated coverslips, fixed and stained for RAB11 and VWF. Most Nbeal2 −/− megakaryocytes showed colocalization of RAB11 with FGN or VWF, and in some cells all 3 proteins were observed to colocalize ( Figure IX in the onlineonly Data Supplement). Thus, in the absence of NBEAL2, RAB11 recycling endosomes seem to be involved in the abnormal trafficking and secretion of both endogenously synthesized and endocytosed α-granule cargo proteins in megakaryocytes.
NBEAL2 Associates With P-Selectin Connected Vesicles
If NBEAL2 is required for the retention of cargo proteins in α-granules and precursors, we would expect it to associate with these compartments in megakaryocytes and platelets. The rabbit monoclonal antibody that was validated for detection of NBEAL2 in human and mouse platelet lysates proved unsuitable for immunofluorescence microscopy analysis of murine megakaryocytes and platelets. We were able to successfully validate this antibody for immunofluorescent staining of human platelets (Figure X in the online-only Data Supplement). Representative images of cultured primary human megakaryocytes stained for NBEAL2 together with markers of the ER (calnexin), trans-Golgi network (TGN46), early endosomes (RAB5), late endosomes/MVBs (RAB7), and α-granules and precursors (P-selectin) are shown in Figure 5A . A summary of the colocalization analysis −/− MKs, with both also showing a shift of FGN toward RAB7-associated endosomes after 1 to 2 h. In WT MKs this is followed by an increasing association of FGN with P-selectin from 2 h on, whereas FGN in Nbeal2 −/− cells shows a peak association with P-selectin at 2 h, followed by a steady decline as FGN is seen in RAB11-associated endosomes after 6 h. After 8 h most of the FGN endocytosed by WT MKs is associated with P-selectin, while the much lower level retained by Nbeal2 −/− MKs shows no definite endosomal association. NBEAL2 indicates neurobeachin-like 2. October 2018 for human megakaryocytes examining the association of NBEAL2 with various markers of intracellular compartments is shown in Figure 5B . Among these markers, the one that showed the strongest association with NBEAL2 as assessed by the Manders overlap coefficient was P-selectin ( Figure 5B ). We also observed an overlap of NBEAL2 with P-selectin in proplatelets ( Figure 6A ) and platelets ( Figure 6B ). NBEAL2 appeared to be associated with the outer surface of the α-granule membrane matrix defined by P-selectin, consistent with the weaker association observed between NBEAL2 and VWF located inside granules ( Figure 5B ; Figure XIA in the online-only Data Supplement). Association of NBEAL2 with α-granules was also observed via immunoelectron microscopy ( Figure XIB in the online-only Data Supplement), although the results were of modest quality.
NBEAL2 Interacts With P-Selectin
To determine whether NBEAL2 may interact directly with P-selectin, we performed coimmunoprecipitation experiments using human platelet lysates. The results show that NBEAL2 can coimmunoprecipitate P-selectin ( Figure 6C ), and P-selectin can coimmunoprecipitate NBEAL2 ( Figure 6D ). This interaction was also observed in human megakaryocyte lysates ( Figure XII in the online-only Data Supplement). Taken together, these results show that NBEAL2 associates with P-selectin containing vesicles in megakaryocytes and platelets, and may stabilize the contents of nascent and mature α-granules via interaction with P-selectin or a multimolecular complex containing this protein.
Discussion
Platelets secrete α-granule borne proteins in response to varied stimuli, and these proteins can influence processes that include clotting, inflammation, tumor vascularization, and atherogenesis. 6, 8 Thus, understanding α-granule function is key to understanding and controlling the impact of platelets in health and disease. Studies examining the molecular basis of arthrogryposis, renal dysfunction and cholestasis syndrome established that interaction of VPS33B with VPS16B is required for the formation of α-granules in human megakaryocytes, 20, 21 and studies of GPS highlighted the role of NBEAL2 in the later stages of granule development. Our main goal in this study was to examine the role of NBEAL2 in α-granule development by comparing the intracellular trafficking of endocytosed and endogenously synthesized cargo proteins in WT and Nbeal2 −/− mouse megakaryocytes, and characterizing the interactions of NBEAL2 with α-granules and associated proteins. Our confirmation of previous observations 27 that NBEAL2-null human and mouse platelets lack both endocytosed and megakaryocyte-synthesized granule cargo ( Figure IA and IB in the online-only Data Supplement) is consistent with other studies using the same NBEAL2-deficient mice. 52 A study using a different mouse reported moderate amounts of platelet VWF and other α-granule cargo. 53 We extended our observation of abnormally externalized VWF in Nbeal2 −/− mouse megakaryocytes 27 by showing that both VWF ( Figure II in the online-only Data Supplement) and TSP1 ( Figure VI in the online-only Data Supplement) are released by these cells. Examining uptake of labeled FGN, we noted that while endocytosis was similar in WT and Nbeal2 −/− megakaryocytes, there was a marked difference in retention after 24 hours ( Figure 1A through 1C) . Eukaryotic cells have well-regulated proteolytic pathways, 54 and megakaryocyte proteasome function is required for platelet production. 55 We did not observe degradation of endocytosed bio-FGN in either WT or NBEAL2-null megakaryocytes (Figure 2A and 2B ), but we did observe increased FGN release by the latter (Figure 2C through 2E) .
When we examined where fluorescently labeled FGN ended up in megakaryocytes via high-resolution fluorescence microscopy, we observed that after 24 hours FGN associated most strongly with P-selectin and VWF in WT megakaryocytes, while in Nbeal2 −/− megakaryocytes FGN was more likely to seen in association with RAB11 ( Figure VIIA and VIIB in the online-only Data Supplement). When megakaryocytes were sequentially incubated with FGN labeled with green or red fluorophores, there was a stronger convergence of both colors in P-selectin enriched compartments in WT compared with Nbeal2 −/− megakaryocytes ( Figure VIII in the online-only Data Supplement). These observations indicated that FGN endocytosed by megakaryocytes is normally targeted to nascent α-granules, but in the absence of NBEAL2 it ends up in RAB11-associated endocytic compartments. Detailed tracking of FGN within megakaryocytes over a period of 8 hours showed that in WT cells FGN moved rapidly to RAB5-associated early endosomes and then to a RAB7-associated late endosome/MVB compartment ( Figure 3 ; Movie I in the online-only Data Supplement) before accumulating in a P-selectin enriched compartment indicative of maturing α-granules. In NBEAL2-null megakaryocytes, FGN also passed rapidly through compartments associated with RAB5, RAB7, and P-selectin, but then it moved to a RAB11 coupled slow recycling endosome compartment (Figure 3) . VWF was also observed to associate with RAB11 in Nbeal2 −/− megakaryocytes (Figure 4) , where it was sometimes observed to associate with endocytosed FGN ( Figure IX in the onlineonly Data Supplement). RAB11 has been implicated in a variety of cellular trafficking pathways, including the post-Golgi secretory pathway and the late recycling endosome pathway, where it regulates the transport of receptors and adhesive proteins and its function is closely related to the exocyst complex. 56 Our results indicate that in the absence of NBEAL2, megakaryocyte-synthesized and endocytosed α-granule cargo exit cells via the same RAB11-mediated route. We do not think that FGN loss was associated with direct fusion of α-granules with the plasma membrane because P-selectin was not observed on the surface of either WT or Nbeal2 −/− megakaryocytes (not shown).
The role of NBEAL2 in α-granule maturation was also examined by characterizing its intracellular location and protein interactions. The rabbit antibody used to probe immunoblot cell lysates was validated for immunofluorescence staining of human cells ( Figure X in the online-only Data Supplement), and examination of intracellular localization in cultured primary human megakaryocytes showed NBEAL2 to be uniformly distributed throughout cells ( Figure 5A) . A colocalization analysis with markers of various intracellular compartments showed a prominent association of NBEAL2 with P-selectin ( Figure 5B ), which is reduced and abnormally distributed 19, 43 in GPS patient and Nbeal2 −/− mouse platelets. 27 We also observed association of NBEAL2 with P-selectin in human megakaryocyte proplatelets ( Figure 6A ) and in platelets, where NBEAL2 appeared to localize near or around α-granules ( Figure 6B ). Possible direct interaction between NBEAL2 and P-selectin was indicated by their coimmunoprecipitation from human platelet ( Figure 6C and 6D) and megakaryocyte cell lysates ( Figure XII in the online-only Data Supplement). The interaction of NBEAL2 with P-selectin, either directly or in the context of a multimolecular complex has not previously been reported. Taken together, our results indicate that NBEAL2 interacts with maturing α-granules within megakaryocytes, possibly via P-selectin, to stabilize these vesicles and prevent loss of their cargo via a RAB11-mediated process. We cannot rule out the possibility that NBEAL2 also plays a role in cargo sorting into α-granules, but more information will be needed to confirm this. From our observations, we propose a model of intracellular trafficking of α-granule cargo in megakaryocytes outlined in Figure 7 . Extracellular FGN interacts with integrin αIIbβ3 receptors and is endocytosed, then passes through RAB5-enriched early endosomes and RAB7-enriched late endosomes before ending up in maturing α-granules containing P-selectin, where it is retained. Megakaryocyte-synthesized cargo (eg, VWF, TSP1) follows a similar route after leaving the Golgi, and it is likely that both endogenous and endocytosed cargo is sorted through late endosomes/MVBs 35 before ending up in the maturing α-granules that we propose are stabilized by NBEAL2. Interestingly, another BEACH (Beige and Chédiak-Higashi syndrome) domain-containing protein in Drosophila, blue cheese, has been reported to function as an antagonist to RAB11. 57 It may be that NBEAL2 plays a similar role in megakaryocytes to inhibit secretion of α-granule cargo via a RAB11-mediated process that is allowed to proceed in its absence. In essence, loss of NBEAL2 turns megakaryocytes from packaging cells into secreting cells.
This interpretation of our results is supported by observations that indicate α-granule cargo proteins are continually secreted by megakaryocytes lacking NBEAL2 in vivo. . Interaction of NBEAL2 (neurobeachin-like 2) with P-selectin in proplatelets and platelets. A, Representative image of immunostained proplatelets from human megakaryocytes shows substantial overlap of NBEAL2 (green) and P-selectin (red) along shafts and in platelet buds; CD61 (magenta) included to indicate proplatelet membranes (main cell body at lower left; maximum intensity renders of spinning-disc confocal image plus overlap channel; bar=4 µm). B, Representative image shows a similar pattern of association between NBEAL2 and P-selectin in costained human platelets; SERCA3 (sarco/endoplasmic reticulum Ca 2+ -ATPase 3; magenta) included to indicate outer edge of cells (renders and overlap channel of structured illumination microscopy image; bar=0.8 µm). NBEAL2 or P-selectin was immunoprecipitated from human platelet lysates, and the coimmunoprecipitants were analyzed by immunoblot. C, P-selectin coimmunoprecipitated with NBEAL2, and (D) NBEAL2 coimmunoprecipitated with P-selectin. These results indicate a potential for direct interaction of NBEAL2 with P-selectin within platelets.
observed in many GPS patients. 26, 58 Chronic secretion of growth factors is also a likely contributor to the extramedullary hematopoiesis observed in GPS patients 26 and Nbeal2 −/− mice, 27, 53, 59 resulting in enlarged spleens. The localization of NBEAL2 in close proximity to P-selectin within proplatelets and platelets may indicate that NBEAL2 also inhibits secretion from mature α-granules, which involves mechanisms that are distinct from the RAB11-mediated process we observed in NBEAL2-null megakaryocytes. 60 This proposition would be difficult to test experimentally because that would require blocking NBEAL2-granule interactions within platelets produced by normal megakaryocytes.
Platelets can also take up FGN, which is trafficked through compartments containing RAB4 and RAB11. Platelet FGN uptake is dependent on ARF6 (adenosine 5′-diphosphateribosylation factor 6), which regulates endocytic trafficking, 42 and also requires vesicle-associated membrane protein 3. 61 We did not observe FGN trafficking via RAB4 or RAB11-associated compartments in WT megakaryocytes, which indicates at least 2 nonexclusive possibilities: (1) there may be differences in the way megakaryocytes and platelets traffic FGN; (2) the α-granules in the WT platelets studied by Huang et al 42 already contained FGN while we studied megakaryocytes cultured in its absence, and the contents of cells and granules may influence how cargo is trafficked.
NBEAL2 is a large protein with many putative functional domains which confer the potential for a variety of molecular interactions. In addition to P-selectin observed here, several other potential NBEAL2 interaction partners have recently been identified in HEK293 cells, including DOCK7, VAC14, and SEC16A.
62 DOCK7 is a cytoplasmic guanine exchange factor involved in the binding and activation of RAC GTPases such as RAC1, [63] [64] [65] a positive regulator of platelet granule secretion. 66, 67 Thus, DOCK7-NBEAL2 interactions may negatively regulate α-granule secretion in megakaryocytes and platelets. VAC14 is a regulator of phosphatidylinositol 3,5-bisphosphate (PI(3,5)P 2 ) that localizes to a wide range of endocytic organelles, 68 possibly including α-granules. Loss of VAC14 leads to vacuolated neurons, 69 thus interactions with NBEAL2 may contribute to the maturation and maintenance of α-granules. SEC16A is a membrane protein located at ER exit sites that is implicated in the anterograde trafficking of COPII vesicles from ER to Golgi. 70 ER-endosome membrane contact sites are important in endosome maturation, 71 and it is possible that SEC16A-NBEAL2 interactions facilitate membrane transfers from ER to nascent α-granules.
The observations presented here provide new insights into the role of NBEAL2 in α-granule development, the intracellular trafficking of endocytosed and endogenous granule cargo by megakaryocytes, and the interaction of NBEAL2 with P-selectin and mature α-granules in platelets. Future studies aimed at characterizing the vesicular and molecular interactions of NBEAL2 will likely reveal the precise mechanisms whereby α-granules are loaded, stabilized, and maintained in a state of readiness to secrete their contents. This will advance understanding of the unique biology of megakaryocytes and platelets and may reveal new possibilities for therapeutically modulating their functions. ) follows a convergent route after leaving the Golgi. NBEAL2 localizes to α-granules and interacts with P-selectin. In the absence of NBEAL2, α-granule cargo is trafficked to RAB11 (Ras-related protein in brain 11)-associated recycling endosomes and ultimately externalized. This prevents normal α-granule maturation, producing the empty structures observed in NBEAL2-null mouse and human platelets.
